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Palavras-Chave Antenas 3D, Lentes, Transmissa˜o de Poteˆncia Sem Fios, Antenas Microstrip
Resumo A impressa˜o em 3D tem assistido a um crescimento bastante acentuado nos
u´ltimos cinco anos, especialmente desde que comec¸aram a aparecer soluc¸o˜es
deste tipo de tecnologia a prec¸os muito mais baixos e para o utilizador
comum.
A liberdade de desenho associada a`s estruturas tridimensionais permite criar
geometrias complexas que produzem caracter´ısticas de radiac¸a˜o muito es-
pec´ıficas para aplicac¸o˜es bastante exigentes. E, hoje em dia e´ poss´ıvel fazer
isto sem precisar de grandes orc¸amentos. Nesta dissertac¸a˜o e´ explorada a
soluc¸a˜o baseada em lentes, atrave´s da tecnologia de impressa˜o 3D.
Sa˜o apresentadas treˆs antenas, uma antena microstrip alimentada por
acoplamento sem lente, a segunda com uma lente semiesfe´rica estendida
e a terceira com uma lente esfe´rica. O objetivo destas antenas e´ fornecer
ou captar poteˆncia para redes de sensores passivos no espac¸o. As antenas
apresentadas funcionam na banda K, mais concretamente a 20 GHz. A
estas frequeˆncias as lentes tornam-se aceita´veis em tamanho para muitas
aplicac¸o˜es.
Com esta dissertac¸a˜o concluiu-se que a utilizac¸a˜o de lentes impressas em
impressoras 3D e´ uma soluc¸a˜o interessante para aumentar o ganho e focar o
campo eletromagne´tico de uma antena. Estas caracter´ısticas permitem criar
antenas pequenas e compactas com um ganho elevado e que conseguem ter
uma performance semelhante a outras de maior custo e dimenso˜es, como
por exemplo, as parabo´licas, agregados, ou cornetas.

Keywords 3D Antennas, Lens, Wireless Power Transmission, Microstrip Antennas
Abstract The 3D printing has seen a very strong growth in the last five years, espe-
cially since began to appear solutions of this kind of technology at much
lower prices and for common user.
The design of freedom associated with the three-dimensional structures
can create complex geometries that produce very specific characteristics of
radiation for very demanding applications. Today, it is possible to do this
without big budgets. In this dissertation the lens based solution is explored
through 3D printing technology.
Three antennas are presented, one microstrip coupled antenna without lens,
the second with an extended hemispherical lens and the third with a spher-
ical lens. The purpose of these antennas is to provide or capture power
for passive sensor networks in space. These antennas operate in the K
band, more specifically at 20 GHz. In these frequencies, the lenses become
acceptable in size for many applications.
With this dissertation it was concluded that the use of printed lenses in
3D printers is an interesting solution to increase the gain and to focus the
electromagnetic field of an antenna. These characteristics allow to create
small and compact antennas with a high gain that can perform a similar
performance to others with higher cost and dimensions, such as reflectors,
arrays, or horn antennas.
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Chapter 1
Introduction
1.1 Motivation
The three dimensional (3D) printing has seen a very strong growth in the last five years,
especially since began to appear solutions of this kind of technology at much lower prices and
for common user.
It is possible to exploit the technology to create antennas with more complex shapes and
in three dimensions quickly and much cheaper, befor here only accessible to development
teams of high budget projects, such as military or space.
Electronic devices have almost become a basic need given that the majority of jobs today
depend on it to be done. Greater investment in research regarding the Internet of Things
(IoT) is still forcing us to a larger dependency on self-sufficient electronic systems.
The greatest disadvantage of current electronic devices comes from their dependence of
external power connections or batteries in order to operate. It is therefore necessary to make
these devices capable to be powered on a more efficient and versatile manner.
The advancement of wireless power transmission (WPT) systems gets us more like a really
wireless world, as it was envisioned by Nikola Tesla and William C. Brown in the past century.
This will empower society a more agreeable utilization of gadgets, be it from the integra-
tion of these mechanisms in implantable medical devices, the use of backscattering on sensors,
easier charge of electronic devices, the power could be transmitted to the places where the
wired transmission is not possible [1] .
1.2 Objectives
The core objective of this master of science dissertation is to design, build and test aperture
coupled microstrip antennas for WPT with a dielectric lens made on a 3D printer. It should
work properly in the frequency around 20 GHz, have an input impedance of 50 Ω and be
highly directive.
The objective of these antennas is for transmission or harvesting energy at 20 GHz fre-
quency in space applications, for example, to be used as a transmitting source to power up
passive sensors in space.
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1.3 Dissertation Outline
Including this introductory chapter, this dissertation is divided into five chapters. In this
first chapter an introduction to the dissertation work was presented, along with the moti-
vation, objectives and original contributions. Chapter two and three, serve to contextualize
WPT and basic theoretical concepts required for design the proposed antennas, while chapter
four present the design and simulation of three antennas. In chapter five some conclusions
are presented and possible future directions of this work is also discussed.
More specifically, chapter two presents the basics and fundamentals concepts of antennas.
This chapter focus on two types of antenna: microstrip patch antennas and lens antenna.
Chapter three explains how WPT works and presents some techniques to improve the
efficiency of rf-to-dc converters used for WPT, few examples are also presented.
Chapter four introduces the overall characteristics of the aperture coupled microstrip
antenna with dielectric lens. First is presented a design and simulation of microstrip aperture
coupled antenna without lens, then the same antenna, but with extended hemispherical lens.
In this second antenna the building process and measured results are also presented.
Finally a third antenna design is presented, this antenna presents a solution for the prob-
lems detected in the previous antenna. The solution is based in spherical lens. At the end
of this chapter is presented a comparison between simulated and measured results, also a
performance analysis between the two 3D antennas and three commercial antennas.
Then, in chapter five, summarizes the work done and main conclusions drawn, presenting
suggestions for some future work possibilities based on the work developed so far.
1.4 Original Contributions
This dissertation has lead to the writing of scientific papers that were submitted to two
separate conferences.
• The first, Gonc¸alo Dias, Pedro Pinho and Ricardo Gonc¸alves, Nuno Carvalho, ”3D
Antenna for Wireless Power Transmission”, was accepted to compete for the Best Stu-
dent Paper Award at the 10 th Congress of the Portuguese Committee of the Inter-
national Union for Radio Science (URSI) - ”Comunicac¸o˜es em cena´rios de seguranc¸a e
emergeˆncia”. This article is presented in Appendix B.
• The remaining article, Gonc¸alo Dias, Pedro Pinho and Ricardo Gonc¸alves, Nuno Car-
valho, ”3D Antenna for Wireless Power Transmission” (see Appendix C), was submitted
for the 2017 International Applied Computational Electromagnetics Society (ACES)
Symposium. This article is presented in Appendix C.
In the course of this work were produced two antennas with high directive radiation pattern
and with small dimensions. These characteristics are ideal for WPT, because it’s possible to
maximize the transmitted/received power in one direction and it’s easy to integrate these
antennas in a portable device.
Although this dissertation is directed to WPT, these antennas can also be used for com-
munications.
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Chapter 2
Wireless Power Transmission
The possibility to transfer energy from one place to another without cables is not new.
This idea appears in the nineteenth century with Nikola Tesla and more later in 1960 by
William C. Brown.
In nowadays we have already many applications that make use of WPT, for example RF
identification (RFID) and inductive charge for mobile phones. This examples use different
technologies to transfer power. RFID use RF microwaves to power and read RFID tags.
The inductive charging uses inductive power coupling, that take advantage from coupling
effect between two coils to transfer power. This technology permits to transfer higher power
levels than RFID, but is more limited in terms of maximum distance between transmitter
and receiver, normally is a few centimeters. A lot of WPT examples are shown in [11].
In this dissertation is explored the solution based on RF microwaves to WPT. Two an-
tennas are proposed with high directive radiation pattern, this give the ability to focus the
power in one direction.
The advancements in ultra low power semiconductors and the requirements of IoT, smart
cities and machine-to-machine communications are pushing forward the development in WPT
solutions.
2.1 Energy Harvesting (Radio Frequency) and Wireless Sen-
sor Network (WSN)
Energy harvesters take power from ambient sources present around us, this can be wind,
solar, vibration, electromagnetic (EM), thermoelectric, radio frequency and acoustic.
This dissertation focus is on the WPT technique using the EM energy specifically RF,
but only propose a solution for the antenna side. The RF sources in this case could be GSM,
UMTS, LTE, Wifi, radio stations, all RF signals can power the harvester.
The power collected by RF energy harvesting techniques is usually less than few milliwatt,
but some devices only need a few µA to operate, as stated in [3].
A great factor contributing for energy harvesting research and development is the ad-
vancements in ultra-low-power components.
A typical WPT system is presented in Figure 2.1. In the left side we have the transmitting
antennas that can be dedicated for WPT or not, the harvester or sensor can collect power
from existing sources, like the ones presented in the figure. On right side is shown a possible
solution for a harvester device or a wireless sensor.
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Figure 2.1: Wireless Power System Architecture
The RF signals are captured by a multiband antenna or single antenna depended on
application, also could be omnidiretional or directive. In this dissertation high directive
antenna is presented with more detail in next chapters.
The matching circuit is used to capture the maximum power at required frequency range.
The design of this circuit take into account the antenna impedance and the impedance of the
circuit that receives alternate current (AC) signal typically a rectifier and voltage multiplier.
The matching circuit could be eliminated if the antenna have impedance matched with the
circuit.
The RF is AC signal, to get a DC signal out of the AC signal, a rectifier circuit is
employed, by employing multiple stages the required output voltage can be obtained. The
voltage output is twice the input peak voltage minus twice the diode threshold voltage, for
this reason a Schottky diode is an ideal component for RF energy harvesting because offer
low forward voltage and high switching speed.
The number of voltage doubler stages can boost the input AC voltages to a higher level
and convert it to the DC, but as the Figure 2.2 shows with more stages the efficiency start
to decrease. Trade-off between efficiency and output voltage have to take into account to the
RF to DC design. Another technique to improve the efficiency is to use multi-sine signals or
using chaotic waveforms to transmitting power [4] [5].
Figure 2.2: RF to DC converter efficiency and typical circuit [6]
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Wireless sensor networks are formed by many of this devices that can communicate and
take power by an external RF source that could be a base station or an mobile station. For
example, imagine a farmer wants to know the state of their plantations. He puts on the soil
this devices that measured the humidity, temperature and level of fertilizer. Then he send a
drone that have an RF source to power and communicate with the sensors. If he want to do
this with traditional sensor he had to spent a lot of money on copper lines only for power this
devices. This is only a possible solution of many that WSN will bring when this technology
is fully matured. Recently advances in backscattering communications, like in [13] and [14],
show that we are getting closer to this brilliant future.
5
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Chapter 3
Antennas
An antenna, by definition in [15], is ”that part of a transmitting or receiving system that
is designed to radiate or to receive electromagnetic waves”. This device gives the ability to
transfer (EM waves) energy/information wirelessly, dependent on the application.
The basic operation of transmitting and receiving antennas is shown in Figure 3.1.
Figure 3.1: Basic operation of transmitting and receiving antennas [16]
From circuit analysis theory an RF transmitter can be seen was a Thevenin source that
delivers energy to the transmitting antenna. This antenna converts an EM wave on a trans-
mission line into a plane wave that propagates in free space.
The receiving antenna catch part of the incident plane wave and delivery into a load-
/impedance, that can be any circuit of an specif application (communication or WPT sys-
tem).
3.1 Fundamental Basic Parameters of Antennas
This section introduce the essential and important parameters of an antenna from the
circuit point of view and the field point of view. Definitions of various parameters are necessary
to describe the performance of an antenna. Some of the parameters are interrelated and not
all of them need be specified for complete description of the antenna performance. All these
definitions and equations were taken from [15] [16] [17] [18].
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Field Regions
The antenna field can be divided into three regions: reactive near-field, radiating near-
field (Fresnel) and far-field (Fraunhofer) regions as shown in Figure 3.2 and is conditions in
Table 3.1, [17] :
Figure 3.2: Field regions of an antenna [17]
Antenna size = D D << λ D ≈ λ D >> λ
Reactive near field r < λ/2pi r < λ/2pi r < λ/2pi
Radiating near field λ/2pi < r < 3λ λ/2pi < r < 3λ and 2D2/λ λ/2pi < r < 2D2/λ
Far field r > 3λ r > 3λ and 2D2/λ r > 2D2/λ
Table 3.1: Near-field and far-field conditions [17]
Radiation Pattern
Radiation pattern, is defined in [15], as ”the spatial distribution of a quantity that charac-
terizes the electromagnetic field generated by an antenna ”. The radiation pattern is obtained
in the far-field region and is represented in directional coordinates. Power pattern is usually
plotted on a logarithmic scale and sometimes is normalized to their maximum value.
There are three main categories of radiation patterns (Figure 3.3):
• Isotropic, equal radiation in all directions. This only a concept reference antenna.
• Omnidirectional, equal radiation around a plane.
• Directional, main lobe of radiation pointing points into a single direction.
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Figure 3.3: Principal antenna patterns
Analyzing the radiation pattern it’s possible to take a ”whole picture” about the radiation
characteristics. The most common usually to characterize the radiation pattern are shown
bellow and can be analyzed with more detail in [15] [18].
• Half-Power Beamwidth (HPBW) is used to quantify how sharp is the beam;
• First Null Beamwidth (FNBW) is also used to quantify how sharp is the beam;;
• First side-lobe level if this value is to small, for example -30 dB, show the antenna have
a good directivity at the main lobe;
• Front-to-back ratio another way to identify the directivity of the antenna;
• Null positions used for anti-interference and positioning.
Directivity
It is defined in [15], as ”the ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions ”. In mathematical form, it
can be written as:
D =
4piU
Prad
(3.1)
Where Prad is the total radiated power and U is the radiation intensity.
Gain and Radiation Efficiency of Antennas
The gain of an antenna is defined in [15] as ”the ratio of the radiation intensity, in a given
direction, to the radiation intensity that would be obtained produced if the power accepted
by the antenna were isotropically radiated”. Mathematically, the gain can be written as:
G =
4piU
Pin
(3.2)
Where U is again the radiation intensity and Pin is the total input power accepted by the
antenna.
The radiation efficiency, is defined in [15] as ”the ratio of the total power radiated by an
antenna to the net power accepted by the antenna from the connected transmitter”.
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Input Impedance and Radiation Resistance
Antenna input impedance (Za) is defined in [17] as ”the impedance presented by an an-
tenna at its terminals or the ratio of the voltage to current at its terminals”. Mathematically,
the input impedance is:
Za =
Vin
Iin
= Ra + jXa (3.3)
The input impedance is a complex number and the real part consists of two components:
the radiation resistance and the loss resistance of the antenna.
Reflection Coefficient, Return Loss and VSWR
When we design an antenna an important factor to take into account is the adaption to
a given operational frequency. The parameters that quantify this adaption are the reflection
coefficient, return loss and voltage standing wave ratio (VSWR). According to [17], these
three parameters are related as the equations bellow shown :
• reflection coefficient (a complex number):
Γ =
Za − Z0
Za + Z0
(3.4)
• return loss (expressed in dB):
LRT = −20Log10(|Γ|) (3.5)
• VSWR (a ratio between 1 and infinity):
V SWR =
1 + |Γ|
1− |Γ| (3.6)
The commonly required specification of an antenna is LRT > 10dB or V SWR < 2.
Types of Antennas
There are many types of antennas. They are summarized and grouped in categories on
Figure 3.4:
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Figure 3.4: Antennas types
The antennas can also be grouped by criteria. In figure 3.5 are present the most commonly
criteria:
Figure 3.5: Antennas grouped by criteria
3.2 Microstrip Patch Antennas
The geometry of an microstrip antenna is shown in Figure 3.6. This type of antenna is
widely used in nowadays, like in mobile phones. The advantage of this configuration are the
easy integration in printed circuits and the versatility, for example, it’s possible to tune the
resonant frequency of the antenna by changing the patch length. This versatility is very useful
when we are designed an antenna on an EM simulator and it is possible to parameterize the
antenna.
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Figure 3.6: Microstrip antennas and their feeds (a) a microstrip antenna with its coordinates;
(b) three feeding configurations: coupling feed, microstrip feed and coaxial feed [17]
This antenna can be fed by a microstrip line, a coaxial line or by coupling. All three are
viable ways depending on application to be used. In this dissertation the coupling method
was chosen, because for higher frequencies it’s more easy to tune the antenna by changing the
slot length and the gap size on the ground plane. The shape of the patch can be any form
depending of the required radiation pattern, polarization and resonant frequency.
Its shown in [17] that the length and width of the rectangular patch is given by:
L =
1
2fr
√
reff
√
0µ0
− 2∆L (3.7)
Where ∆L is the enlargement on L, this effect is also explained with more detail in[17],
is given by:
∆L = 0.412d (reff + 0.3) (W/d+ 0.264) / [(reff − 0.258) (W/d+ 0.8)] (3.8)
Patch width is given by:
W =
1
2fr
√
0µ0
√
2/(r + 1) (3.9)
It’s possible to see from 3.7, 3.8 and 3.9 equations that for higher frequencies the size of
the patch decreases. If the square patch is desired the only thing to do is kept the patch
width with the same dimension of the length of the patch.
Microstrip Line
To design the feed line of an microstrip coupled antenna, the microstrip line transmission
equations must be taken into account. The microstrip line configuration is very similar to
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microstip antenna. This line is composed by a printed conductor of width W on thin substrate
of thickness d and relative permittivity r. Figure 3.7 show this configuration:
Figure 3.7: Microstrip transmission line. (a) Geometry. (b) Electric and magnetic field
lines [16]
The impedance of this transmission has been widely studied and according to [16] and
[17] the best approximation is:
Z0 =

60√
reff
ln
(
8d
W +
W
4d
)
, for W/d ≤ 1
120pi√
reff [W/d+1.393+0.667ln(W/d+1.444)]
, for W/d ≥ 1
(3.10)
The effective dielectric constant, reff , of a microstrip line is approximately:
reff =
r + 1
2
+
r − 1
2
1√
1 + 12d/W
(3.11)
Analyzing the equations 3.10 and 3.11, if the substrate thickness and relative permittivity
are maintained, the greater width of the line, smaller the impedance of the same, the opposite
also occurs when smaller width of the line, greater the impedance of the same.
Know the relative permittivity and loss tangent of the substrate are essential when a EM
simulator is used to optimized the microstrip lines and antennas. This values change with
the frequency of operation. If a wrong value is used on simulation this can make that the
simulated values diverge with the measured ones. There are some methods to measure this
proprieties of the material, there is a good discussing of this techniques in [19], [20], [21],
[22] and [23]. On table 3.2 some common material used on antenna substrates with their
respective relative permittivity and loss tangent.
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r tan δ
Alumina 9.8 0.0004
LaAlO3 24 0.0001
MgO 9.8 0.00001
Quartz (SiO2) 3.8 0.0004
Sapphire (Al2O3) 9.4 and 10.8 0.00002
Epoxy (FR4) 4.43 @1GHz 0.01
FR2 (flame resistant 2) 4.50 @1MHz 0.025
GaAs 13 0.0006
LCP 3.1 0.002
PTFE (Teflon) 2.1 0.0004
PTFE-glass 2.1–2.55 0.001
PTFE-ceramic 10.2 0.002
RT/Duroid 5870 2.33 0.0012
RT/Duroid 5880 2.22 0.0009
RT/Duroid 6002, 6202 2.94 0.0012
RT/Duroid 6006 6.15 0.0019
RT/Duroid 6010 10.2 0.0023
Table 3.2: Some common substrates for a microstrip [17]
3.3 Lens Antenna
The millimeter-wave and sub-millimeter frequency bands are very attractive for various
modern indoor and outdoor applications. At these frequencies lenses become acceptable in
size and weight for many applications. Lens antennas consist of two main parts: the feeding
antenna that can be any other type of antenna (horns, dipoles, microstrip (patch) antennas,
and even arrays of antenna elements) and lens that collimate incident divergent energy to
prevent it from spreading in undesired directions.
Integrated dielectric lens antennas (DLAs) are widely used in various communication,
radar, and imaging systems in the millimeter (mm) and sub-mm wave bands. The principal
components of such antennas are dielectric lenses used for correction of radiation patterns of
primary feeds, like horn or printed antennas.
Additionally, improvement of radiation efficiency is achieved due to a better matching
(for the waveguide feeds) and a suppression of the surface waves (for the substrate mounted
antennas). The common demands to novel DLAs are compact size and specific radiation pat-
terns. A desired compromise between these two characteristics is not always easily achievable.
Preliminary computer aided design (CAD) enables one to minimize the time and cost of a
prototype development.
There are primarily two different lens designs used for realizing different goals. Canonical
(hyperbolical, bihyperbolical, elliptical, hemispherical) or shaped lens antennas are used for
collimating the radiated energy, or, in case of shaped designs, for shaping the beam to required
radiation patterns, while circular-cylindrical and spherical lenses are mostly used for beam
scanning with single or multiple feed possibility [24] [25] [26].
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Chapter 4
Aperture Coupled Microstrip
Antenna with Dielectric Lens
4.1 Basics
Aperture-coupled feed was originally proposed by Pozar [27]. This configuration consists
of two substrates separated by a ground plane. On the bottom side of the lower substrate,
there is a microstrip feed line which has the form of an open-circuit stub while the top side of
the upper substrate contains the microstrip patch element. The energy is electromagnetically
coupled from the feed line to the patch through a slot in the ground plane as shown in Figure
4.1.
Figure 4.1: Geometry of the basic aperture coupled microstrip antenna [28]
There principal advantage of coupling feed is that the feed network and the patch are
well isolated and the surface wave excitation can be better controlled by select different
substrate materials, like the ones shown in Table 3.2, for the feed and radiating elements.
The disadvantage of this feeding is the back radiation level from the feed network, but can
be minimized by tunning correctly the slot size.
4.2 Design Parameters
The design of an aperture-coupled feed for a patch antenna configuration involves the
careful selection of several parameters. Know how this parameters affects the antenna behav-
ior is essential, when we have an parameterized antenna in a EM simulator and we want to
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tune a specif characteristics, like input impedance and resonant frequency, for example.
This parametric study already was been made by Pozar in [28], bellow is shown a Table
4.1 that resumes and compiles his conclusions and were confirmed when i was tuning the
presented antennas in the next sections.
Design parameter Effect in antenna behviour
Antenna substrate
dielectric constant
Bandwidth and radiation efficiency, with lower permittivity leads
to wider impedance bandwidth and reduced surface wave
excitation.
Antenna substrate
thickness
Bandwidth and coupling level. A thicker substrate leads to wider
bandwidth, but less coupling for a given aperture size.
Feed line position
relative to slot
For maximum coupling, the feed line should be positioned at
right angles to the center of the slot. Moving the feed line from
the slot will reduce the coupling.
Feed line width
Impose the characteristic impedance of the feed line, and affects
the coupling to the slot.
Feed substrate
dielectric constant
Should be selected for good microstrip circuit qualities.
Feed substrate
thickness
Thinner leads to less spurious radiation from feed lines, but
higher loss.
Length of tuning stub Tune the excess reactance of the slot.
Microstrip patch length Impose the resonant frequency of the antenna.
Microstrip patch width
Tune the resonant resistance of the patch, wider leads to a lower
resistance, like microstrip lines.
Position of the patch
relative to the slot
Maximum coupling occurs when the patch is centered over the
slot. Moving the patch relative to the slot in the H-plane
direction has little effect, while moving the patch relative to the
slot in the E-plane (resonant) direction will decrease the coupling
level.
Slot length
Tune the coupling and the back radiation level. The slot should
be made no larger than is required for impedance matching.
Slot width
Tune the coupling level, but to a much less degree than the slot
width.
Table 4.1: Design Parameters and its effects in antenna performance [28]
4.3 Design and Simulation
In order to get acquainted with the software tools for this project, a first attempt was
made to design an aperture coupled microstrip antenna without dielectric lens, that could
work at 20 GHz and has an input impedance of 50 Ω.
In order to do so, an appropriate substrate must be selected. In this case, the choice was
based on the material availability, so that prototypes could be produced without much more
expense.
The selected substrate was Isola Astra MT [29], with dielectric (r) of 3 and tangent loss
(δ) of 0.0018. For the antenna substrate was used 1.52 mm height and for feed substrate 0.76
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mm .
For simulation purposes, the selected conductor was an infinitely thin copper padding
with a conductivity of 5.8× 107S/m.
The aperture coupled patch antenna is modeled in Computer Simulation Technology
(CST). Simulation results are used as the baseline antenna performance for comparison against
all parametric adjustments.
Figure 4.2 shows the antenna layers and nominal dimensions in millimeters, all this values
were calculated from the equations in previous chapter 2 and tunned by simulation.
Figure 4.2: Simulated aperture-coupled microstrip patch antenna
The iterative antenna design optimization, in Figure 4.3, is carried out as follows: The
network parameters and radiation pattern are calculated with an initial design equations.
After this an error ∆ is calculated quantifying the difference between the simulated/measured
and goals parameters. If the error is below a certain limit, the optimization is terminated,
otherwise the antenna parameters are disturbed by means of an optimization and the new
network parameters and the deviation from the measurement is calculated. The last steps
are repeated until the desired accuracy is reached.
Figure 4.3: Sketch of the iterative antenna design optimization
The center frequency, input impedance, bandwidth, and radiation patterns are determined
and summarized below.
The return loss present in Figure 4.4 can clarify that the obtained bandwidth is around
2.15 GHz and show the resonating frequency of the antenna is 20 GHz.
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Figure 4.4: Simulated return loss of the aperture-coupled microstrip patch antenna
From Figure 4.5 it’s possible to see that the input impedance at 20 GHz is around 50
ohms, how it was designed.
Figure 4.5: Simulated input impedance of the aperture-coupled microstrip patch antenna
As expected, the antenna presents in Figure 4.6 a semi-spherical radiation pattern and
low gain (6 dBi). In general the antenna meets initial objectives, the next step is design a
lens to shape the radiation pattern and making it high directive. This study is presented in
next section.
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Figure 4.6: Simulated radiation pattern of the aperture-coupled microstrip patch antenna.
(a) Phi=0, (b) Phi=90.
4.4 Extended hemispherical lens fed by an aperture-coupled
microstrip patch antenna
4.4.1 Design and Simulation
The proposed 3D antenna is presented in Figure 4.7. As the previous model, this was
build in an Isola Astra MT [29] substrate.
Figure 4.7: Extended hemispherical lens fed by an aperture-coupled microstrip patch antenna
(a) Cross-section view and (b) top view
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From the design analysis, the proposed antenna is a square patch microstrip coupled, with
a extended hemispherical lens.
This geometry was chosen and adapted, in order to allow the highest gain and direc-
tivity possible, for a 3D printed small antenna. The microstrip coupled antenna size is
40x45x(1.52+0.76) mm3 and the lens 40x40x55 mm3.
The lens is used to focus the beam of lower gain feed antenna to produced highly directive
pattern with low side lobe levels. The radiating microstrip patch element is etched on the
top of the antenna substrate, and the microstrip feed line is etched on the bottom of the feed
substrate like in Figure 4.1.
The lens ”shift” the center frequency, so it’s necessary make some tuning at the antenna
parameters with a compromise to the radiation pattern, gain and input impedance. The lens
is fabricated with polylactic acid (PLA) that has an estimated relative permittivity of 1.8 and
a loss tangent of 0.01 [30]. The values obtained after simulation and optimization are shown
in Table 4.2.
Parameter Value (mm) Parameter Value (mm)
Lpatch 3 Lens size 40x40x55
Wpatch 3 Lline 25
Lslot 3.5 Lstub 5.5
Wslot 1.7 Wline 1.93
LsubPatch 40 hpatch 1.52
WsubPatch 40 hfeed 0.76
LsubLine 45 Llens 35
WsubLine 40 rlen 20
Table 4.2: Design parameters of aperture-coupled microstrip patch antenna with extended
hemispherical lens
One of the challenges of this kind of design is the impedance match of the antenna and
specific radiation patterns. Therefore, after balancing this issue, which led to the values
presented in the previous table, the simulated return loss and radiation pattern obtained for
this antenna can be viewed in Figure 4.8 .
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Figure 4.8: Simulated return loss of the 3D antenna
From the return loss graphic in Figure 4.8 it’s seen that the resonating frequency is 20
GHz. The bandwidth of the antenna can be extracted from this parameter as the set of
frequencies that satisfy the condition S11 < -10 dB. The bandwidth is from 19.41 to 20.98
GHz. The simulated input impedance at 20 GHz of this antenna was 53 + j12.5 Ω.
The radiation pattern of the aperture-coupled microstrip patch antenna with extended
hemispherical lens has a directive characteristic.
The simulated radiation pattern is presented in Figure 4.9 and 4.10 . It presents a radiation
efficiency of 92,4% and a high directivity at main lobe of 17 dBi. Analyzing the Figure 4.9 it’s
obvious that 3D lens focus the beam of lower gain feed antenna to produce a highly directive
pattern. The antenna with lens has more 10.86 dB of gain than aperture-coupled microstrip
patch antenna without 3D lens.
Figure 4.9: Simulated Radition Pattern of aperture-coupled microstip patch antenna with
extended hemispherical lens
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Figure 4.10: Simulated cartesian plot of far-field directivity
4.4.2 Real Antenna
For the construction of the lens was used a 3D printer that gives freedom of geometric
forms and precision to make the designed model presented in previous section. The material
used for printing was PLA. The software used to model the lens was OpenSCAD [31]. This
tool is not an interactive modeller, instead it is something like a 3D-compiler that reads in a
script file that describes the object and renders the 3D model from this script file, like Figure
4.11. This gives full control over the modelling process and enables easily change any step in
the modelling process or make designs that are defined by configurable parameters.
Figure 4.11: Script used to generate the extended hemispherical lens
For the lens printing was used BEETHEFIRST[32] 3D printer and BEESOFT to control
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and calibrate the 3D printer. The material used for the lens was PLA and 90% density
printing with the previous presented dimensions. The prototyped 3D anntenna is present in
Figure 4.12.
Figure 4.12: Prototyped 3D anntenna
The measured return loss is shown in Figure 4.13, in which one can compare the simulated
with the measured results.
Figure 4.13: Simulated (Blue) and Measured (Black) return loss for the 3D antenna
The prototype shows some deviations regarding the operation frequencies, which might be
due to a misalignment of the slot and patch stacked structure, and also due to an erroneous
definition of the PLA dielectric values used for simulation. Still, the prototyped antenna
shows a fairly good agreement with the simulated results. It has a bandwidth from 19.78 -
20.02 GHz and 20.85 - 21.76 GHz.
The resulting farfield can be seen in Figure 4.14. High directivity at the main beam can
be achieved with DLA configuration. This proves that 3D lens focus the beam of lower gain
feed antenna to produce a highly directive pattern. The disadvantage of this antenna is the
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side lobe level is a little high, around -10 dB.
Figure 4.14: Simulated (Blue) and Measured (Black) directivity for the 3D antenna
4.5 Spherical lens fed by an aperture-coupled microstrip patch
antenna
4.5.1 Design and Simulation
In order to get a better return loss and consequently better match at 20 GHz a spherical
lens (Luneberg lens) was chosen, Figure 4.15. This lens contains a little air gap between the
microstrip aperture coupled patch antenna and the lens.
Figure 4.15: Spherical lens fed by an aperture-coupled microstrip patch antenna
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The term Luneberg lens refers to a family of lenses with two axial focus. They can be
both outside the lens or one inside and the other outside. The most useful case, however, is
the lens with one focus on its surface, while the second one is at infinity. Thus, an axial point
on the lens surface is focused to an axial point at infinity, on the opposite side of the lens.[33]
Once again this antenna was designed in an Isola Astra MT [29] substrate and the spherical
lens in PLA. From the design analysis, the proposed antenna is a patch microstrip coupled
with spherical lens.
The final design and dimensions obtained after simulation and optimization are shown in
Figure 4.16.
Figure 4.16: Spherical lens fed by an aperture-coupled microstrip patch antenna final design
and dimensions. (a) Feed substrate, (b) Ground plane, (c) Patch substrate, (d) Bottom view
spherical lens, (e) Side view antenna, (f) Side view spherical lens
The results from the simulation of this patch are plotted in Figure 4.17, presenting a
return loss of -25,56 dB at 20 GHz and a bandwidth of 2 GHz.
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Figure 4.17: Simulated return loss of spherical lens fed by an aperture-coupled microstrip
patch antenna
The impedance response simulated for this antenna is shown in Figure 4.18. The input
impedance at 20 GHz is around 50 Ω, like the initial design requirement.
Figure 4.18: Simulated input impedance of spherical lens fed by an aperture-coupled
microstrip patch antenna
Analyzing Figure 4.19 it’s obvious the reduction of the side lobes level, but this improve-
ment bring a slight decrease on gain and small increase of beamwidth. Nothing significant,
given the improvements presented.
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Figure 4.19: Simulated Radition Pattern of spherical lens fed by an aperture-coupled
microstrip patch antenna
4.5.2 Real Antenna
For the construction of this antenna, the same material was used from the previous pre-
sented antenna, but this time a special focus was taken in the alignment of the gap in common
ground plane with the patch. Built antenna is shown in Figure 4.20.
Figure 4.20: Prototyped 3D antenna
The comparison between simulated and measured return loss can be observed in Figure
4.21.
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Figure 4.21: Simulated (Blue) and Measured (Black) return loss for the 3D antenna
spherical lens
The prototyped spherical lens antenna shows a fairly good agreement with the simulated
results. It has a bandwidth from 19.40-23.38 GHz.
Although the return loss simulated values are very close to the measured values, in the
radiation pattern the same was not observed in Figure 4.22.
Figure 4.22: Simulated (Dashed) and Measured (Black) radiation pattern for the 3D
antenna spherical lens
The effect of the spherical lens is visible, like in the previous the lens, they focus the beam
of lower gain feed antenna to produce a highly directive pattern. The beamwidth achieved
was 31.5◦ closed to the simulated value 21.5◦. The main difference between the measured and
simulated values are the side lobe level, in the measured result the side lobe level is higher
than the simulated results almost 10 dB, this could be due the density of the lenses (90%),
the fact the radiating patch don’t have square shape and also due to an erroneous definition
of the PLA dielectric values used for simulation.
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4.6 Analysis of Results
In this section the simulated values and the measured results are resumed and analyzed.
Also, a comparison between commercial and the 3D antennas are presented and discussed.
4.6.1 Performance analysis between the three antennas (simulated values)
In terms of gain, side lobe level, beamwidth, input impedance, bandwidth, return loss and
antenna size obtained for each approach, it is shown in Table 4.3, the values obtained with
simulation.
Parameter Without Lens Extended hemispherical Lens Spherical Lens
Gain 6.14 dBi 16.97 dBi 16.35 dBi
Side Lobe Level - -10.9 dB -16.5 dB
HPBW 107.7◦ 15.3◦ 21.5◦
Input Impedance 51.7 + j0.5Ω 53 + j12.5Ω 50.5 + j0.5Ω
Bandwidth 2.16 GHz 1.57 GHz 2 GHZ
Return Loss -35.2 dB -18.1 dB -21.3 dB
Antenna Size 40x45x2.28 mm3 40x45x57.28 mm3 40x45x47.68 mm3
Table 4.3: Performance analysis between the three antenna at 20 GHz
The extended hemispherical lens have provided the highest gain with 16.97 dBi, for the
spherical lens, a gain of 16.35 dBi and the antenna without lens 6.14 dBi.
From the results in Table 4.3 its clear the increased directivity from the use of a single
aperture coupled microstrip antenna compared to the application of a dielectric lens, with an
increased of 10.83 dB for the extended hemispherical lens and 10.62 dB for the spherical lens.
It is clear, from the demonstrated values, that one can achieve very high gains by using
dielectric lenses, although the bandwidth small decrease. It is comprehensible that there is
going to be a limit to the possible radiation gain one can obtain, that will be bound by the
decrease in radiation efficiency as the lens increases in size and the losses in the dielectric
become more noticeable.
4.6.2 Comparison between simulation and measured results
On Table 4.4 it is shown the comparison between simulation and measured results in terms
of gain, side lobe level, beamwidth, input impedance, bandwidth, return loss and antenna size
obtained for each approach. It was not possible measure the gain of the antennas because i
didn’t have an reference antenna at 20 GHz.
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Parameters
Extended hemispherical Lens Spherical Lens
Simulated Measured Simulated Measured
Gain 16.97 dBi — 16.35 dBi —
Side Lobe Level -10.9 dB -10 dB -16.5 dB -4.5 dB
HPBW 15.3◦ 28◦ 21.5◦ 31.5◦
Input Impedance 53 + j12.5Ω 76− j28Ω 50.5 + j0.5Ω 45 + j5Ω
Bandwidth 1.57 GHz 0.28 GHz 2 GHz 3.31 GHz
Return Loss -18.1 dB -10.22 dB -21.3 dB -21.41dB
Antenna Size 40x45x57.28 mm3 40x45x47.68mm3
Table 4.4: Comparison between simulation and measured results of extended hemispherical
and spherical lens at 20 GHz.
As already seen in previous sections the extended hemispherical lens presents a slight
mismatch at 20 GHz, this leaves to a small bandwidth and return loss compared to the
simulation, this could be to a misalignment of the gap with the patch, a few millimeters
are critical at this frequency. However, the results of the radiation pattern, Figure 4.23 a),
beamwidth and side lobe level have acceptable deviations.
Spherical lens antenna shows good matching at 20 GHz. In terms of return loss, bandwidth
and input impedance this antenna have very acceptable measured values, better than extended
hemispherical lens.
The largest difference between the measured and simulated values is in the side lobe level,
Figure 4.23 b), the measured value is higher than the simulated, this may be due to the
value used to the material density (PLA 90%) and the value of the permittivity used in the
simulation.
Figure 4.23: Simulated (Dashed) and Measured (Solid) radiation pattern for the 3D
antennas
4.6.3 Comparison against commercial antennas
In this section the two 3D antennas, previously presented, are compared against three
commercial antennas[34][35][36] that operates at the same frequency 20 GHz. The five an-
tennas analyzed are shown in Figure 4.24.
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Figure 4.24: (a) DRH20 double ridged waveguide horn[34], (b) SCSA-27 spiral antenna[35],
(c) QRH20E quad ridged horn[36], (d) Extended hemispherical lens fed by an aperture-
coupled microstrip patch antenna, (e) Spherical lens fed by an aperture-coupled microstrip
patch antenna.
Looking at Table 4.5 and Figure 4.25 it is possible to conclude that the 3D antennas
are not behind the commercial ones in term of performance. The 3D antennas presents the
highest gain and the smallest size. Relatively of adaptation (VSWR) at 20 GHz all antennas
show good behavior, of the five, the antenna that have a less good adaptation is the extended
hemispherical lens antenna for the reasons already mentioned previously. Like as expected the
horns and 3D antennas show the sharpest beams in relation to the sphiral antenna. Analyzing
Figure 4.25 is observed that the quad ridged horn presents lowest side lobe level, but the 3D
antennas presents the smallest beamwidth.
Antenna
Parameter
Gain VSWR HPBW Size
Double ridge
waveguide horn
11 dBi 1.35 41◦ 104x122x78 mm3
Spiral antenna 3 dBi 1.10 **114◦ 110x96x110 mm3
Quad ridged horn 14 dBi 1.40 40◦ 101x101x132 mm3
Extended hemispherical
lens antenna
*16.97 dBi 1.89 28◦ 40x45x57.28 mm3
Spherical lens antenna *16.35 dBi 1.19 31.5◦ 40x45x47.68 mm3
* Simulated value
** -10 dB beam width
Table 4.5: Performance analysis between 3D antennas against commercial antennas at 20
GHz
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Figure 4.25: Radiation pattern comparison against commercial antennas at 20 GHz (a)
DRH20 double ridged waveguide horn[34], (b) SCSA-27 spiral antenna[35], (c) QRH20E quad
ridged horn[36], (d) Extended hemispherical lens fed by an aperture-coupled microstrip patch
antenna, (e) Spherical lens fed by an aperture-coupled microstrip patch antenna.
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Chapter 5
Conclusions
In this chapter, a general summary and the most important conclusions extracted from
this work will be displayed and various research directions that can be followed, in order to
improve the current system, will be pointed out. Besides this, the final section will present
some final remarks on the importance of WPT.
5.1 General Analysis
The objective of WPT is to remove and eliminate all the power cables connected to the
electronic utensils, but also to eliminate or at least reduce the charging needs of batteries in
mobile devices. This technology is considered essential for the industry in several areas of
expertise, including consumer electronics, automotive, and industrial control process.
The major drawback in these systems is their efficiency in energy transfer. The wavefronts
of EM waves spread in space, dissipating the energy in all directions. To compensate wave-
front spreading very high gain antennas are needed, such as antenna arrays of several elements,
parabolic antennas, or lens antennas.
Dielectric lenses can be hard to fabricate, requiring molds that can be expensive. This
cost can be significantly lowered and the fabrication process eased and speed up if we consider
3D printing technology.
In this dissertation, was presented the development of DLA’s for transmission and har-
vesting of energy at the 20 GHz frequency for space applications; for example, to be used as
a transmitting source to power up passive sensors in space.
3D printing was used to create lenses able to shape the radiation for a given antenna.
Dielectric lens are used to shape wavefronts, much like reflectors, and can provide highly
directive radiation patterns. Two different lenses were designed and developed using 3D
printing, where a single slot coupled microstrip patch antenna was used as feeding source.
The first was an extended hemispherical lens, wave front lens with compact size, which is the
most simple wave-front shape lens design. Nevertheless, the overall gain of the spherical lens
antenna was 16.97dBi, which is more than 10.87 dB improvement in gain compared to the
single microstrip patch antenna radiation. In the second lens design, the radius of the lens
base was kept the same, but the wavefront shape was changed from extended hemispherical
to spherical lens, which resulted in an improved return loss and bandwidth in comparison to
the extended hemispherical lens, with an overall gain of 16.35 dBi. However the side lobe
level worsened in relation to the extended hemispherical lens.
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5.2 Future Work
As any research work, some questions are answered, new questions and ideas arise. The
following were those that seemed more interesting for further developments.
• Study the dielectric proprieties of the 3D printer material’s at high frequencies, once
new filaments are appear to the market (wood based, conductive and magnetic charac-
teristics...). Knowledge of these properties it’s crucial to get better results in simulation;
• Analyze the effect of printed material density on dielectric constant;
• Research new lens designs with multiple dielectric layers;
• Develop a WPT system, using this antenna models build a RF generator and a RF-to-
DC that receives at 20 GHz;
5.3 Final Remarks
WPT is an emerging technology that is gaining increased visibility in recent years. Efficient
WPT circuits, systems and strategies can address a large group of applications spanning from
batteryless systems, battery-free sensors, passive RFID, near-field communications, and many
others.
WPT is a fundamental enabling technology of the IoT concept, as well as machine-to-
machine communications, since it minimizes the use of batteries and eliminates wired power
connections.
The antennas proposed in this dissertation exhibit a high radiation gain, which is rather
useful for, but is not limited to, applications to WPT. There is a compromise between the
gain and the size and weight of the lens; therefore, depending on the gain levels one aims
to reach, the viability of a lens antenna has to be carefully analysed. Therefore, DLA’s can
prove to be a solution for high-gain antenna and small size design for wireless energy transfer
systems. This antennas also could be used for communications, there is nothing that limits
them for this purpose.
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Appendix A
3D Printing
Ink jet or laser printers produce most of today’s documents or photographs. These create
text or images by controlling the placement of ink or toner on the surface of a piece of paper.
In a similar way, 3D printers manufacture objects by controlling the placement and adhesion
of a ”build material” in 3D space.
To 3D print an object, a digital model first needs to exist in a computer. This may be
designed by hand using a computer aided design (CAD) application, or some other variety
of 3D modeling software. Alternatively, a digital model may be created by scanning a real
object with a 3D scanner, or perhaps by taking a scan of something and then tweaking it
with software tools.
However the digital model is created, once it is ready to be fabricated some additional
computer software needs to slice it up into a great many cross sectional layers only a fraction
of a millimeter thick. These object layers can then be sent to a 3D printer that will print
them out, one on top of the other, until they are built up into a complete 3D printed object.
Exactly how a 3D printer outputs an object one thin layer at a time depends on the
particular technology on which it is based. There are more than a dozen viable 3D printing
technologies. This said, almost all of them work in one of three basic ways.
Firstly, there are 3D printers that create objects by extruding a molten or otherwise semi-
liquid material from a print head nozzle. Most commonly this involves extruding a continuous
stream of hot thermoplastic that very rapidly sets after it has left the print head. There are
even experimental 3D printers that output a computer-controlled flow of liquid concrete, and
which may in the future allow whole buildings to be 3D printed.
A second category of 3D printer creates object layers by selectively solidifying a liquid
known as a ”photopolymer” – that hardens when exposed to a laser or other light source.
Some such ”photopolymerization” 3D printers build object layers within a tank of liquid
photopolymer. Meanwhile others jet out a single layer of liquid and then use an ultraviolet
light to set it solid before the next layer is printed. A few of the 3D printers that are based
on the latter technology are able to mix and solidify many different photopolymers at the
same time, so allowing them to print out multi-material objects made of parts with different
material properties.
A final category of 3D printing hardware creates objects by selectively sticking together
successive layers of a very fine powder. Such ”granular materials binding” can be achieved
either by jetting a liquid glue or ”binder” onto each powder layer, or by fusing powder granules
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together using a laser or other heat source. Already granular materials binding can be used
to 3D print objects in a very wide range of materials. These include nylon, ceramics, wax,
bronze, stainless steel, cobalt chrome and titanium.[37]
The printer used to print the lens on this dissertation was BEETHEFIRST [32], that use
Fused Filament Fabrication (FFF) or Fused Deposition Modeling (FDM).
FFF is a method of rapid prototyping which works by laying down consecutive layers of
material at high temperatures, allowing the adjacent layers to cool and bond together before
the next layer is deposited, the process is presented in Figure A.1 b).
Figure A.1: (a) BEETHEFIRST 3D printer [32] (b) FFF method [38]
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 
Abstract—3D printers work with plastics materials, which are 
essentially dielectric. These can be used as radiating elements 
(dielectric resonators), as radiation handlers (lenses) or as a 
supporting base for applying conductive material to radiation 
(substrates). In this paper is explored the solution based on 
lenses, through the 3D printing technology. The design, 
simulation and build of an aperture coupled microstrip antenna 
with dielectric lens is presented in this paper. The antenna 
operates at 20 GHz. The lens is used to focus the beam of lower 
gain feed antenna to produced highly directive pattern with low 
side lobe levels 
 
Index Terms—3D antenna, 3D printing, Aperture coupled 
microstrip antenna with dielectric lens, Dielectric lens antennas, 
Wireless power transmission   
 
I. INTRODUCTION 
he use of electronic devices has almost become a basic 
need given that the majority of jobs today depend on it to 
be executed. The great investment in research regarding 
the IoT is even pushing us to a greater dependency on self-
sufficient electronic systems. The biggest disadvantage of 
current electronic devices comes from their dependence of 
external power connections or batteries in order to function. It 
is thus necessary to make these devices able to be powered on 
a more effective and versatile way. The development of WPT 
systems gets us closer to a truly wireless world, as it was 
imagined by several brilliant minds before us (Nikola Tesla, 
William C. Brown …). This will enable society a more 
comfortable use of electronics, be it from the integration of 
these mechanisms in implantable medical devices, the use of 
backscattering on sensors, easier charge of electronic devices, 
the power could be transmitted to the places where the wired 
transmission is not possible.  
The 3D printing has seen a very strong growth in the last 
five years, especially since began to appear solutions of this 
kind of technology at much lower prices and for common user. 
It is possible to exploit the technology to create antennas with 
more complex shapes and in three dimensions quickly and 
much cheaper, that even here became only accessible to 
development teams of high budget projects, such as military or 
space. The design freedom associated with the three-
dimensional structures can create complex geometries that 
produce very specific characteristics of radiation for very 
demanding applications. Today, it is possible to do this 
without big budgets. 
 
 
The millimeter-wave and sub-millimeter frequency bands 
are very attractive for various modern indoor and outdoor 
applications. At these frequencies lenses become acceptable in 
size and weight for many applications. Lens antennas consist 
of two main parts: the feeding antenna that can be any other 
type of antenna (horns, dipoles, microstrip antennas, and even 
arrays of antenna elements) and lens that collimate incident 
divergent energy to prevent it from spreading in undesired 
directions. Integrated dielectric lens antennas (DLAs) [1], [2] 
are widely used in various communication, radar, and imaging 
systems in the millimeter (mm) and sub-mm wave bands. The 
key components of such antennas are dielectric lenses used for 
correction of radiation patterns of primary feeds - open 
waveguides or printed antennas. 
Additionally, improvement of radiation eﬃciency is 
achieved due to a better matching (for the waveguide feeds) 
and a suppression of the surface waves (for the substrate 
mounted antennas). The common demands to novel DLAs are 
compact size and speciﬁc radiation patterns. A desired 
compromise between these two characteristics is not always 
easily achievable. Preliminary computer aided design (CAD) 
enables one to minimize the time and cost of a prototype 
development. 
  
II. APERTURE COUPLED MICROSTRIP ANTENNA WITH 
DIELECTRIC LENS 
Aperture-coupled feed was originally proposed by Pozar 
[3]. This feed structure eliminates the asymmetry problems 
present in the microstrip line and coaxial probe. This type of 
feed consists of two substrates separated by a ground plane. 
On the bottom side of the lower substrate, there is a microstrip 
feed line which has the form of an open-circuit stub while the 
top side of the upper substrate contains the microstrip patch 
element.  
The energy is electromagnetically coupled from the feed 
line to the patch through an aperture cut in the ground plane as 
shown in figure 1. 
The main advantage of this conﬁguration is that the feed 
network and the patch are well isolated from one another. In 
this way, no radiation from the feed network can interfere with 
the main radiation pattern since a ground plane separates the 
two mechanisms.  
Back radiation from the feed network is an issue but it can 
be minimized by carefully sizing the slot. Another advantage 
of the aperture-coupling feed is that surface wave excitation 
can be better controlled by choosing diﬀerent substrate 
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Fig. 1.  Geometry of the basic aperture coupled microstrip antenna [3] 
 
Fig. 2.  Extended hemispherical lens fed by an aperture-coupled 
microstrip patch antenna (a) Cross-section view and (b) top view [4] 
TABLE I 
ANTENNA DESIGN PARAMETERS 
Parameter Dimension (mm) 
Lpatch 3 
Wpatch 3 
Lslot 3.5 
Wslot 1.7 
LsubPatch 40 
WsubPatch 40 
LsubLine 45 
WsubLine 40 
Lline 25 
Lstub 5.5 
Wline 1.93 
hpatch 1.52 
hfeed 0.76 
Llens 35 
rlens 20 
 
 
 
Fig. 3.  Simulation and measurement of return loss 
 
Fig. 4.  Simulation result of farfield directivity  
materials for the feed and radiating elements. The feed circuit 
layer can also be easily integrated with MMICs. 
 
A. Design 
In this paper is shown an aperture coupled microstrip 
antenna with a dielectric lens for WPT (Fig.2). The lens is 
used to focus the beam of lower gain feed antenna to produced 
highly directive pattern with low side lobe levels. The 
radiating microstrip patch element is etched on the top of the 
antenna substrate, and the microstrip feed line is etched on the 
bottom of the feed substrate. 
The material used for the substrates was Isola Astra MT, 
which has 3 of permittivity. Lens is made of PLA that has 
been printed on a 3D printer. The antenna has designed for 20 
GHz.  
 
 
 
B. Simulation 
 For simulation purposes, the selected conductor was an 
inﬁnitely thin copper padding with a conductivity of 5.8 × 
10
7
S/m and the lens was a permittivity of 1.8  with no losses. 
The antenna has been modeled and optimized using the 
transient solver within CST MICROWAVE STUDIO®. Table 
1 shows the antenna parameters.  
 
 
  Simulation results are used as the baseline antenna 
performance for comparison against all parametric 
adjustments. The center frequency, input impedance, VSWR, 
bandwidth and radiation patterns are determined and 
summarized below.  
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TABLE II 
ANTENNA PARAMETERS @21.15GHZ 
Input 
Impedance 
55.4 + j 2.29 Ω 
VSWR 1.11 
Bandwidth 0.92 GHz 
Radiation 
Efficiency 
 
92.4%* 
 
*simulated value at 20GHz 
 
Fig. 6.  3D Antenna for Wireless Power Transmission 
 
Figure 3 shows a good wideband behavior and return loss of 
the dielectric lens antenna. The “shift” of central frequency 
measured and the simulated, could be little misalignment of 
the slot with the patch and PLA dielectric value used for 
simulation. The resulting farfield can be seen in Figure 4. A 
high directivity of 17 dBi at the main beam and 92.4% 
radiation efficiency can be achieved with this dielectric lens 
antenna configuration. 
 
C. 3D Printing 
The printer used to print the lens was BEETHEFIRST, 
which use Fused Filament Fabrication (FFF) or Fused 
Deposition Modeling (FDM). [5] 
FFF is a method of rapid prototyping which works by 
laying down consecutive layers of material at high 
temperatures, allowing the adjacent layers to cool and bond 
together before the next layer is deposited. 
The software used to model the lens was OpenScad [6]. 
OpenSCAD is software for creating solid 3D CAD models. 
This isn’t an interactive modeler, it’s something like a 3D-
compiler that reads in a script file that describes the object and 
renders the 3D model from this script file. This gives a full 
control over the modelling process and enables to easily 
change any step in the modelling process or make designs that 
are defined by configurable parameters. 
Below is presented the lens with the antenna. 
 
III. CONCLUSION 
A design, simulation and build of a 3D antenna has been 
developed and presented with the intent of being used for 
wireless power transmission.  
The next step is to make measurements of the antenna to 
confirm the simulation results and then connect to a power 
amplifier to proof of concept.  
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3D Antenna for Wireless Power Transmission 
Aperture Coupled Microstrip Antenna with Dielectric Lens 
 
 
Abstract—Nowadays 3D printers are useful for the 
development and rapid prototyping of dielectric structures for 
radiation manipulation and support of antennas. This is possible 
since the materials used in this machines are essentially dielectric. 
These can be used as radiating elements (dielectric resonators), as 
radiation handlers (lenses) or as a supporting base for applying 
conductive material to radiation (substrates). In this paper we 
explore 3D printing technology to develop a lens antenna for 
wireless power transfer operating at 20 GHz. The design, 
simulation and measurement of an aperture coupled microstrip 
antenna with dielectric lens is presented and discussed. The lens is 
used to focus the beam of lower gain feed antenna to produce a 
highly directive pattern with low side lobe. 
Keywords—3D printing, Aperture coupled microstrip antenna, 
Dielectric lens antenna, Wireless power transmission. 
I.  INTRODUCTION  
The great investment in research regarding the IoT is even 
pushing us to a greater dependency on self-sufficient electronic 
systems. The biggest disadvantage of current electronic devices 
comes from their dependence of external power connections or 
batteries in order to operate. It is thus necessary to make these 
devices able to be powered on a more effective and versatile 
way. The development of WPT (Wireless Power Transfer) 
systems gets us closer to a truly wireless world, as it was 
imagined by several brilliant minds before us (Nikola Tesla, 
William C. Brown …). This will enable society a more 
comfortable use of electronics, be it from the integration of these 
mechanisms in implantable medical devices, the use of 
backscattering on sensors, easier charge of electronic devices, 
the power could be transmitted to the places where the wired 
transmission is not possible.  
Additive manufacturing, namely 3D printing, has seen a very 
strong growth in the last five years, especially since the first 3D 
printers for regular consumer use, at lower prices, started to 
appear in the market.  
It is possible to exploit the technology to create antennas with 
more complex shapes and in three dimensions quickly and less 
expensive, that until here was only accessible to development 
teams with high budget projects, such as military or space. The 
design freedom associated with the three-dimensional structures 
allows the creation of complex geometries that produce very 
specific characteristics of radiation for very demanding 
applications.   
Given the typical dimensions of lens antennas, and in order to 
operate within a constrained size, we opted to design and 
antenna for operation in the sub-millimeter frequency bands, 
namely at 20 GHz, which are very attractive for various modern 
indoor and outdoor applications. Lens antennas consist of two 
main parts: the feeding antenna can be of several types (horns, 
dipoles, microstrip antennas, and even arrays of antenna 
elements) and lens that collimate incident divergent energy to 
prevent it from spreading in undesired directions. Integrated 
dielectric lens antennas (DLAs) [1], [2] are widely used in 
various communication, radar, and imaging systems in the 
millimeter (mm) and sub-mm wave bands. The key components 
of such antennas are dielectric lenses used for correction of 
radiation patterns of primary feeds, open waveguides or printed 
antennas. 
This paper is organized as follows, in section I a brief 
introduction to the lens antennas is presented. Section II 
describes the structure of the aperture coupled microstrip 
antenna and the dielectric lens dimensions. A comparison 
between simulation and measured results is also presented. 
Finally in section III we present the main conclusions. 
II. APERTURE COUPLED MICROSTRIP ANTENNA WITH 
DIELECTRIC LENS 
Aperture-coupled feed was originally proposed by Pozar [3]. 
This feed structure eliminates the asymmetry problems present 
in the microstrip line and coaxial probe. This type of feed 
consists of two substrates separated by a ground plane. On the 
bottom side of the lower substrate, there is a microstrip feed line 
which has the form of an open-circuit stub while the top side of 
the upper substrate contains the microstrip patch element.  
The main advantage of this conﬁguration is that the feed network 
and the patch are well isolated from one another. In this way, no 
radiation from the feed network can interfere with the main 
radiation pattern since a ground plane separates the two 
mechanisms.  
A. Design 
In this paper is shown an aperture coupled microstrip 
antenna with a dielectric lens for WPT (Fig.1). The lens is used 
to focus the beam of lower gain feed antenna to produced highly 
directive pattern with low side lobe levels. The radiating 
microstrip patch element is etched on the top of the antenna 
substrate, and the microstrip feed line is etched on the bottom of 
the feed substrate. 
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The material used for both substrates was Isola Astra MT, which 
has a relative permittivity of 3.0 and a loss tangent of 0.0017. 
The lens is fabricated with PLA (Polyactic Acid) that has an 
estimated relative permittivity of 1.8 and a loss tangent of 0.01 
[5]. The antenna has designed for 20 GHz. 
B. Simulation 
 The antenna was modeled and optimized using the transient 
solver within CST MICROWAVE STUDIO®. The optimized 
physical parameters of the antenna are shown in Table 1. 
TABLE I ANTENNA DESIGN PARAMETERS 
Parameter Dimension(mm) Parameter 
Dimension
(mm) 
Lpatch 3 Lens size 40x40x55 
Wpatch 3 Lline 25 
Lslot 3.5 Lstub 5.5 
Wslot 1.7 Wline 1.93 
LsubPatch 40 hpatch 1.52 
WsubPatch 40 hfeed 0.76 
LsubLine 45 Llens 35 
WsubLine 40 rlens 20 
C. Results 
The simulated versus measured reflection coefficient 
obtained for the lens antenna is shown in Fig. 2. There is an 
observable shift in the measured resonant frequency that can be 
due to a misalignment of the line, slot and patch stacked 
structure, and also due to an erroneous definition of the PLA 
dielectric values used for simulation. The resulting farfield can 
be seen in Fig. 3 and 4. High directivity of 17 dBi at the main 
beam and 92.4% radiation efficiency can be achieved with this 
dielectric lens antenna configuration. 
III. CONCLUSION 
A design, simulation and measurements of a 3D printed lens 
antenna has been presented with the intent of being used for 
wireless power transmission. The measurements match poorly 
to the simulation results and some improvements are required, 
namely in the correct definition of the lens material properties. 
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Fig. 2.  Simulation and measurement of return loss 
 
Fig. 3.  Simulated and measured farfield directivity normalized 
 
 
                                            (c) 
Fig. 1.  Extended hemispherical lens fed by an aperture-coupled microstrip 
patch antenna (a) Cross-section view and (b) top view (c) photograph of the 
prototype. 
 
Fig. 4.  Simulated 3D farfield directivity  
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